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Initializing a set of qubits to a given quantum state is a basic prerequisite for the physical im-
plementation of quantum-information protocols. Here, we discuss the polarization of the electronic
and nuclear spin in a single Nitrogen vacancy center in diamond. Our initialization scheme uses a
sequence of laser, microwave and radio-frequency pulses, and we optimize the pumping parameters
of the laser pulse. A rate equation model is formulated that explains the effect of the laser pulse
on the spin system. We have experimentally determined the population of the relevant spin states
as a function of the duration of the laser pulse by measuring Rabi oscillations and Ramsey-type
free-induction decays. The experimental data have been analyzed to determine the pumping rates
of the rate equation model.
I. INTRODUCTION
The nitrogen-vacancy (NV) center in diamond [1] has
been identified as an excellent solid state quantum bit
system, which provides the possibility of implementing
quantum protocols at room temperature [2–4]. Most of
these applications use the long coherence times of the NV
center [5] and the optical initialization and readout of
the system [6–8]. The NV center has been used for sev-
eral interesting demonstrations like robust multipartite
entanglement persisting over a timescale of milliseconds
at room temperature [4], quantum interference between
photons [9, 10], an efficient quantum memory [11–13],
single shot readout of single nuclear spins [14] or quan-
tum gate operations where dephasing is protected with
the help of dynamical decoupling [15]. These develop-
ments of quantum information processing based on the
defect centers in diamond have remarkably boosted solid
state quantum technology and pioneered a new way to-
wards reliable implementation of quantum computation
[16].
For diamond crystals with low density of spins [17], it
is possible to find single NV centers which remain mag-
netically well isolated from other defect centers. An NV
center, consisting of the electronic spin and one or several
nuclear spins, is therefore an interesting physical realiza-
tion of a quantum register. Local control of the targeted
qubits within a single NV center can be performed by
specifically addressing the concerned center and manip-
ulating the system with laser pulses, microwave (MW)
and radio-frequency (RF) magnetic fields [18]. [19, 20].
Nuclear spins are useful resources for storing and trans-
mitting quantum information [21, 22]. It is necessary to
enhance the strength of nuclear spin polarization since it
improves the efficiency of detection of nuclear magnetic
resonance (NMR) signal and hence increases the signal-
to-noise ratio. In this context, DNP (dynamic nuclear
polarization)[23, 24] has been widely established as an
effective technique which relies on transferring the spin
polarization from electrons to nuclei. Optically induced
DNP [25, 26] has been successfully applied to polarize
the nuclear spins in systems like diamond [27–29] and
silicon carbide [30]. Other novel approaches include high
fidelity nuclear spin initialization and single shot read out
at excited state level anticrossing[31–33], implementation
of Hartmann-Hahn double resonance technique[28, 34],
population trapping protocols [13, 19, 20] etc. However,
the resulting polarization using certain pulse sequences
[13, 19, 20], like a scheme presented through this paper,
are limited by the fact that the initialization technique in
the beginning using a long laser pulse although can cre-
ate a strong electronic polarization, it cannot completely
initialize the system into the mS = 0 state [35]. On
the other hand, such techniques have the advantage that
these experiments do not require any specific magnetic
field value.
In the present work, we discus the initialization of a quan-
tum register, which is an essential prerequisite for the
implementation of a universal quantum computer [36].
In particular, we investigate a protocol for polarizing the
electronic and the 14N nuclear spin of a single NV cen-
ter in diamond. We have employed a sequence of pulses
which is quite similar to what has been described in Ref.
[20], where Pagliero et al. have employed MW, RF and
laser pulses to polarize the nuclear spins associated with
NV centers. However, the primary focus of our paper
is optimizing the pulse sequence, evaluating the optical
control parameters for the spins which play a substantial
role in this initialization scheme and determining the pu-
rity of the relevant individual states by performing partial
state tomography. For this purpose, we introduce a rate
equation model which can explain the influence of optical
irradiation on the spins and provide a physical picture of
population transfer between different quantum states of
the system. Thus, determination of the laser pumping
parameters by analyzing the experimental data will help
in initializing a quantum register to a target state in a
more deterministic and optimized way. While the ini-
tialization of the electronic spin is a standard element of
all applications of the NV center, it is more difficult to
control the nuclear spin. To tackle this issue, the excited
state level anti-crossing in a magnetic field has been used
[37, 38]. The present technique does not rely on the anti-
crossing and can therefore be applied at all strengths and
ar
X
iv
:1
61
1.
06
77
1v
2 
 [q
ua
nt-
ph
]  
25
 Ju
l 2
01
7
2orientations of the magnetic field. The sequence starts
with the usual initialization of the electronic spin by a
laser pulse. We then swap the electronic and the nu-
clear spin and apply a second laser pulse to re-initialize
the electron spin. Since the optical initialization proce-
dure partly depolarizes the nuclear spin, it is important
to understand the dynamics of the coupled spin system
and to optimize the sequence such that the purity of the
targeted state is maximized.
In the following, we discuss the system of interest and
describe the initialization scheme. We then analyze the
dynamics of the system in the presence of non-resonant
optical irradiation and use the results for an optimal state
preparation.
II. SYSTEM AND SETUP
A single NV center embedded in a 12C-enriched (concen-
tration of 99.995%) diamond sample was chosen as the
experimental system. The effective dephasing time T ∗2
for this center is ∼ 40µs, as measured by a Ramsey-type
free-induction decay experiment. The Hamiltonian of the
system consisting of an electronic spin (S=1) coupled to
a 14N nuclear spin (I=1) is
H = DS2z − γeBSz + PI2z − γnBIz +ASzIz, (1)
where D=2.87 GHz is the zero-field splitting, Sz and
Iz are the z-components of the electronic and nuclear
spin operators, A =-2.16 MHz is the hyperfine coupling,
γn=3.1 MHz/T and γe =-28 GHz/T are the nuclear and
electronic gyromagnetic ratios and P =-4.95 MHz repre-
sents the nuclear quadrupole coupling. Here, we assume
that the magnetic field is oriented along the NV symme-
try axis.
The measurements were performed at room temperature
on a single NV center embedded in a diamond crystal.
A diode-pumped solid-state laser emitting green light at
532 nm was employed for exciting the NV center in a
home-built confocal microscope. The CW laser beam
was passed through an acousto-optic modulator (AOM)
with a rise time of 50 ns and an extinction ratio of 58
dB to generate pulses. The beam was then focused on
a single NV center with a microscope objective (numer-
ical aperture =1.4) mounted on a nano-positioning sys-
tem. The optical power at the sample was ∼ 150µW. A
MW signal generator (APSIN) and a direct digital syn-
thesis (DDS) radio-frequency (RF)-source were used to
generate the microwave (MW) signal, which was subse-
quently passed through a switch and an amplifier to cre-
ate the MW pulses with suitable frequency, amplitude
and phase for manipulating the electronic spins. Another
DDS, switch and amplifier were used to generate the RF
pulses for manipulating the nuclear spins. The MW and
the RF pulses were passed through a combiner and a Cu
wire attached to the surface of the sample. A permanent
magnet generated a magnetic field of 6.1 mT along the
axis of the NV center.
III. INITIALIZATION PROCEDURE AND THE
RATEEQUATION MODEL
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FIG. 1: Pulse sequence for initializing the system into
the |0, 0〉 state. The occupation probability of the
energy states have been schematically represented by
the size of the filled circles. MW = microwave, RF =
radio frequency. The time interval between the laser,
MW and RF pulses were ≈ 2µs which hardly affects the
initialization scheme as the T1 for both the electronic
and nuclear spin are ∼ ms.
Fig. 1 shows the eigenstates and the transition frequen-
cies between the relevant energy levels. To illustrate the
pulse sequence in a convenient way, we list the states
|mS ,mI〉 in the following order (mS ,mI) = (0,-1; 0,+1;
0,0; -1,-1; -1,+1; -1, 0; +1,-1; +1,+1; +1,0) from the bot-
tom to the top in the energy level scheme of Fig. 1 (the
actual sequence of energies is slightly different), and in
subsequent parts of the article.
The initialization process, which is also represented in
Fig. 1 starts with a long (5 µs) laser pulse, which initial-
izes the electronic spin into the bright (mS = 0) state,
while the nuclear spin is fully depolarized. As mentioned
earlier, it cannot completely initialize the system into the
mS = 0 state and the actual polarization is usually un-
known where different values are found in the literature.
However, for the purpose of this paper, it is sufficient to
determine the populations relative to the initial popula-
tion of the mS = 0 state. Accordingly, conservation of
populations implies that the sum of all populations must
always be unity,
∑9
i=1 Pi = 1 . Also, we consider only
the electronic ground state of the NV− system, since the
excited state population as well as the population of the
NV0 states are small under our experimental conditions
(excitation with 532 nm laser light) [39, 40]. After the
35 µs laser pulse, two MW pi pulses swap the populations
of the |0,+1〉 ↔ |+1,+1〉 and the |0,−1〉 ↔ |−1,−1〉
states. Their pulse durations were 3.874 µs and 1.456
µs, respectively. Two RF pulses swap the populations
between the nuclear spin states |+1,+1〉 ↔ |+1, 0〉 and
|−1,−1〉 ↔ |−1, 0〉; both pulses had the same duration of
105.908 µs. This sequence of four pulses thus exchanges
the polarizations of the electronic and the nuclear spin:
the nuclear spin becomes fully polarized in the mI = 0
state, but the electron spin becomes fully depolarized.
The electronic spin therefore has to be re-polarized by a
second laser pulse. Since this laser pulse affects not only
the electronic spin, but also the nuclear spin, we have
to analyze its effect on the spin system and optimize its
duration. The 2nd part of Fig. 1 shows an additional
purification step that can be used to remove population
from the ground state that is not in the mI = 0 nuclear
spin state.
We consider the effect of the laser on the spin system as a
simple redistribution of populations between the different
eigenstates of the spin Hamiltonian. We write ~P for the
populations of the nine states and use the sequence of
states defined in Fig. 1. Writing kS for the rate with
which the electron spin changes from the mS = ±1 state
to the mS = 0 state and kI for the rate at which the
nuclear spin flips between any pair of states, the equation
of motion can be expressed in matrix form as
d
dt
~P = M(kS , kI)~P , (2)
with the full form of the matrix M given in the appendix.
Starting from the state ~P = 13 (1, 1, 1, 0, 0, 0, 0, 0, 0) gener-
ated by the first laser pulse, the MW and RF pulses gen-
erate the population vector ~P = 13 (0, 0, 1, 0, 0, 1, 0, 0, 1).
Starting from this initial condition, the formal solution
of Eq. (2) for the evolution of the populations during the
second laser pulse is
~P =
1
3
(1− e−kSτL 2kI
(3kI − kS) − e
−3kIτL (kI − kS)
(3kI − kS) ,
1− e−kSτL 2kI
(3kI − kS) − e
−3kIτL (kI − kS)
(3kI − kS) ,
1− e−kSτL 2(kI − kS)
(3kI − kS) + e
−3kIτL 2(kI − kS)
(3kI − kS) ,
0, 0, e−kSτL , 0, 0, e−kSτL). (3)
The general solution for arbitrary initial conditions is
given in the appendix.
IV. EXPERIMENTAL RESULTS AND
DISCUSSION
To test and optimize the preparation scheme outlined
above, we performed experiments for different durations
of the second laser pulse and analyzed the resulting state
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FIG. 2: Pulse sequences for measuring the
free-induction decay of the electronic spin and the
nuclear spin Rabi oscillation. For the FID scheme, the
hard MW pulses are non-selective for all transitions
from the mS = 0 to the mS = −1 state of the electron
spin. In the Rabi scheme, the pulses are selective for
the single transitions indicated in the figure.
by performing partial quantum state tomography. For
this purpose, we measured Ramsey-type free induction
decays, using the sequence shown in figure 2. The pulse
sequence for this measurement consists of two identical
pi
2 MW pulses separated by the free evolution time tR.
The first MW pulse generates a coherent superposition
of the states mS = 0 and mS = −1 which subsequently
evolves for a time tR. The second MW pulse converts
the coherence into population difference which is eventu-
ally measured by the read-out laser pulse. The detuning
frequency νdet, determines the phase φ of the second
pi
2
MW pulse by φ = φc+2piνdettR where the constant φc is
offset from the actual electronic transition frequency. A
Fourier transform of the time-domain data generates the
frequency-domain spectra. During these measurements
we applied hard pi2 MW pulses to excite all the three
electron spin transitions corresponding to nuclear spin
states mI = 0,±1 between electronic spin states mS = 0
and −1.
Figure 3 shows four of the resulting spectra measured af-
ter the second laser pulse for pulse durations τL = 5ns,
200ns, 480ns and 4000ns. The arrows in the figure in-
dicate the nuclear spin states to which the resonance
lines are associated. Their amplitudes Ak are propor-
tional to the population differences between the mS = 0
ground state of the electron spin and the mS = −1 state:
Ak = P0,k−P−1,k, where k = 0,±1 indicates the nuclear
spin quantum number.
Fig. 4 shows the measured amplitudes as a function of
the laser pulse duration. For short laser pulses, all popu-
lation differences vanish. For long durations, the popula-
tions of the three ground states |0, 0〉 and |0,±1〉 converge
to 1/3, while the mS = −1 population vanishes, resulting
in population differences of 1/3. The experimental data
are well consistent with the theoretical curves plotted us-
ing Eq. (3).
To determine the ground state populations, instead of
population differences, we performed an additional ex-
periment; we measured nuclear spin Rabi oscillations.
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FIG. 3: ESR spectra, measured as Fourier transforms of
Ramsey fringes for four different values of the laser
pulse duration τL. The amplitudes are proportional to
the population difference between the mS = 0 and
mS = −1 state for the three different nuclear spin
states. The initial condition before applying the laser
pulse with duration τL was ~P =
1
3 (0, 0, 1, 0, 0, 1, 0, 0, 1).
The Ramsey measurements were done for free evolution
times of up to 4 µs, which limits the widths of the
resonance lines in the spectra.
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FIG. 4: Measured amplitudes of the resonance lines for
the nuclear spin states |−1〉, |+1〉, and |0〉 and their
sum A+A+1 +A0 (as mentioned in the graph legend)
along with the corresponding theoretical curves as
described in Eq. 3.
Fig. 2 (rhs) shows the pulse sequence used for the Rabi
measurements. It consists of two consecutive pulses; one
RF Rabi pulse with variable duration tRF and one MW
pi pulse. The RF pulse exchanges the populations of the
|−1, 0〉 and the |−1,−1〉 states and the MW pulse those
of the |−1, 0〉 and |0, 0〉 states. Taking into account that
P−1,−1 vanishes before this measurement, the readout
pulse detects the total population of the electronic |0〉
state as
PmS=0(tRF ) = P0,−1 + P0,+1 + P−1,0
1 + cosω1tRF
2
,
where ω1 is the Rabi frequency of the RF field and the
populations Pi,j refer to the state before the pulse se-
quence. The oscillation amplitude of the Rabi oscillation
is thus proportional to the population P−1,0. Fig. 5 (a)
shows a typical Rabi oscillation for a short laser pulse
(τL = 5 ns) and Fig. 5 (b) shows the observed values of
P−1,0 as a function of τL.
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FIG. 5: (a) Rabi oscillation data between the |−1,−1〉
and |−1, 0〉 states for τL=5ns. (b) Experimentally
measured values of P−1,0 (circles) as a function of τL
with the theoretical curve given by Eq. (3) with
kS = 1/0.217µs.
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FIG. 6: Measured populations of the three ground
states |0,−1〉, |0,+1〉, |0, 0〉 and their sum as a function
of the laser pulse duration τL, together with the fitted
curves.
Once P−1,0 is determined, it is straightforward to cal-
culate P0,0 using the simple relationship A0(τL) +
P−1,0(τL) = P0,0(τL). Fig. 6 shows all three popu-
lations P0,0, P0,−1 and P0,+1 for the initial condition
~P = 13 (0, 0, 1, 0, 0, 1, 0, 0, 1) as a function of the laser
5pulse duration τL. The experimental data were normal-
ized by considering that the sum of all nine populations
must add up to 1. The population of the |0, 0〉 state in-
creases rapidly, with a rate kS , until it goes through a
maximum. On a longer time scale determined by kI , all
three populations tend towards the equilibrium value of
1/3. The experimental data for the individual nuclear
spin sub-states, as well as the total population of the
mS = 0 state were fitted with the theoretical expressions
of Eq. (3). The resulting values of the time constants
were 1/kS = 0.29± 0.02µs and 1/kI = 4.7± 0.4µs. The
fact that the effect of the laser pulse illumination started
with a constant time delay in the experimental data, has
been taken care of by adding a constant value τd with
τL in the rate equation model. We estimated τd = 45ns.
The maximum population (77.8 %) of the |0, 0〉 state is
obtained for a pulse duration τL ≈ 0.48 µs. For the
mI = ±1 states, the amplitudes A−1 and A+1, represent
directly the populations P0,−1 and P0,+1, as the popula-
tion of the |−1,−1〉 and |−1,+1〉 states vanish.
Different mechanisms lead to loss of nuclear spin polar-
ization during laser excitation [33, 34]. For instance, un-
der laser illumination, hyperfine-induced electron-nuclear
spin flip-flop processes have a dominant effect on the nu-
clear spin lifetime T1 when the applied magnetic field is
such that the system is close to the excited-state level
anticrossing point (LAC). In addition, coupling of the
electronic and nuclear spin with phonons can lead to de-
polarization of the nuclear spin. In our case, since we
performed experiments at the field of 6.1 mT which is
well below the LAC (≈ ±50 mT) and spin-orbit coupling
has negligible effect in the mS = 0 state, the above men-
tioned reasons have negligible influence on T1. In case
of spin flip-flop process, kI includes only the transitions
with selection rule ∆mI = ±1. Comparing the experi-
mental data with both models, we found that the data
fits better to the model where flips with ∆mI = ±1 and
±2 occur. We assume that a dominant contribution to
nuclear depolarization is the different energy eigenstates
in the ground and excited state: The optical excitation
thus projects the nuclear spin eigenstates of the electronic
ground state onto a superposition of nuclear spin states
in the electronically excited state. Another contribution
is the conversion of the NV− centers to NV0 with in-
creasing laser pulse duration [39]. The two charge states
of the NV center have different hyperfine coupling and
different nuclear quadrupole interactions. This changes
the energy splitting between the nuclear sublevels and the
nuclear spin eigenstates. Accordingly, a change of charge
state may be accompanied by a loss of spin polarization.
In addition, the measured value of T1 in the NV
0 state is
significantly shorter than in the NV− state [40–42]. The
parameter kI summarizes this overall depolarization rate
of the nuclear spin for the given laser irradiation.
To further improve the purity of the |0, 0〉 state in the
mS = 0 subspace, we used two selective microwave pi
pulses MW3 and MW4, both with the same pulse du-
ration of 3.874 µs, to transfer the population from the
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FIG. 7: Experimental spectrum showing the amplitudes
A0 and A±1 measured using the read-out procedure
shown in Fig. 2, after applying the microwave pulses
MW3 and MW4 shown in Fig. 1.
|0,−1〉 to the |+1,−1〉 state and from the |0,+1〉 to the
|+1,+1〉 state, respectively. The resulting spin configu-
ration was read out by performing free-induction-decay
measurements of the electronic spin. The pulse sequence
containing the MW3 and MW4 pulses is shown in the
2nd part of Fig. 1 and the FID read out pulses are shown
in Fig. 2. Fig. 7 shows the resulting spectrum, which
contains a single distinct peak indicating the population
of the |0, 0〉 state. The measured amplitudes show that
> 96% of the population of the mS = 0 subspace is in
the |0, 0〉 state.
Apart from the optically induced nuclear spin relaxation,
the attainable polarization is also limited by experimen-
tal imperfections. In order to study the effect of imper-
fection of the pulse length on the attainable purity of the
|0, 0〉 state, we have calculated the derivative of P0,0 with
respect to each pulse angle while keeping the other three
angles fixed at pi. We obtained ∆P0,0 =
(∆θi)
2
4 . The un-
certainty in the pulse angles of the MW and RF pulses
is 1.5% and 3.2% which leads to respectively 0.56% and
2.56% loss in the final purity of the |0, 0〉 state. In addi-
tion, an imperfect initial state influences the achievable
purity. If the first laser pulse initializes the system to a
state ~P = [P1, P2, 1 − (P1 + P2), 0, 0, 0, 0, 0, 0), the final
polarization P0,0 becomes P0,0 = 0.7858−0.029(P1 +P2)
with the boundary conditions 0 ≤ P1 ≤ 1, 0 ≤ P2 ≤ 1
and P1 + P2 ≤ 1. The relation indicates that the purity
of |0, 0〉 state is maximum when P1 = P2 = 0 whereas
the purity decreases as P1 and P2 increase. The average
absolute deviation from the mean value of the experi-
mentally measured quantities P1 and P2 are 1.65% and
1.32% respectively, which corresponds to 0.086% loss in
the achievable purity of the |0, 0〉 state.
V. CONCLUSION
To summarize, we have employed a procedure for the
purification of the quantum state of a two-qubit system
associated with a single NV center in diamond. Laser
pulses can initialize the electronic spin. To initialize also
6the nuclear spin, we first initialized the electron spin,
swapped the states of the electronic and the nuclear spin
and then again initialized the electronic spin, which is
quite similar to the sequence used by Pagliero et al. [20].
However, the present work provides a detailed under-
standing of the population transfer between the relevant
states under optical illumination and a qualitative esti-
mation of the occupation probabilities of different indi-
vidual quantum states. The corresponding values were
obtained by performing partial quantum state tomogra-
phy. We were able to establish an effective rate equation
model which is in excellent agreement with the experi-
mental results. The interpretation of the results using
the formulated theory enabled us to determine the rele-
vant rate constants and the optimal duration of the laser
pulse. Thus, the optimal sequence allows one to prepare
an arbitrary state of the system with high purity, which
is essential for coherently controlled experiments on NV
centers in diamond. Although the resultant purity is lim-
ited by the initial laser-induced electronic polarization of
mS = 0 state and nuclear depolarization, the procedure
offers the benefit that it can be implemented with flexible
magnetic field values.
Finally, we have improved the purity of the |0, 0〉 state in
the mS = 0 subspace. Enhancing the occupation proba-
bility of the target input state in a certain computational
space can result in a better performance in experiments
like quantum gate operations. For instance, in an exper-
iment where dynamical decoupling was applied to imple-
ment protected operation of a controlled rotation gate in
a definite subspace [15], an enhanced purity of the input
state increases the signal-to-noise ratio.
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VI. APPENDIX
The matrix M(kS , kI) describing the ef-
fect of the laser pumping on the elec-
tronic and nuclear spin is, M(kS , kI) =
−2kI kI kI kS 0 0 kS 0 0
kI −2kI kI 0 kS 0 0 kS 0
kI kI −2kI 0 0 kS 0 0 kS
0 0 0 −kS 0 0 0 0 0
0 0 0 0 −kS 0 0 0 0
0 0 0 0 0 −kS 0 0 0
0 0 0 0 0 0 −kS 0 0
0 0 0 0 0 0 0 −kS 0
0 0 0 0 0 0 0 0 −kS

where the population vector is depicted with the order
(mS ,mI) = (0,-1; 0,+1; 0,0; -1,-1; -1,+1; -1, 0; +1,-1;
+1,+1; +1,0).
For an initial state ~P = (P1, P2, P3, P4, P5, P6, P7, P8, P9)
and after the second laser pulse of duration τL, the re-
sulting population vector is
~P =
1
3
(1 +
ae−3kIτL + 3be−3kSτL
(3kI − kS) , 1 +
3ce−kSτL + fe−3kIτL
(3kI − kS) ,
1 +
3ge−kSτL + he−3kIτL
(3kI − kS) , 3P4e
−kSτL , 3P5e−kSτL ,
3P6e
−kSτL ,
3P7e
−kSτL , 3P8e−kSτL , 3P9e−kSτL),
where
a = kS−3kIP3+6kIP1−3kIP2−3kSP1−3kSP4−3kSP7,
b = kIP3 − kI + kIP1 + kIP2 + kSP4 + kSP7,
c = kIP3 − kI + kIP1 + kIP2 + kSP5 + kSP8,
f = kS−3kIP3−3kIP1+6kIP2−3kSP5−3kSP2−3kSP8,
g = kS−kI−kS(P5+P4+P7+P8)+(kI−kS)(P3+P1+P2)
and
h = 6kIP3−2kS+3kS(P5+P4+P7+P8)−3(kI−kS)(P1+
P2).
